Using group functional Magnetic Resonance Imaging (fMRI) and group Magnetoencephalography (MEG) we studied two cognitive paradigms: A language task involving covert letter fluency and a visual task involving biological motion direction discrimination. The MEG data were analyzed using an adaptive beam-former technique known as Synthetic Aperture Magnetometry (SAM), which provides continuous 3-D images of cortical power changes. These images were spatially normalized and averaged across subjects to provide a group SAM image in the same template space as the group fMRI data. The results show that frequency-specific, task-related changes in cortical synchronization, detected using MEG, match those areas of the brain showing an evoked cortical hemodynamic response with fMRI. The majority of these changes were event-related desynchronizations (ERDs) in the 5-10 Hz and 15-25 Hz frequency ranges. Our study demonstrates how SAM, spatial normalization, and intersubject averaging enable group MEG studies to be performed. SAM analysis also allows the MEG experiment to have exactly the same task design as the corresponding fMRI experiment. This new analysis framework represents an important advance in the use of MEG as a cognitive neuroimaging technique and also allows mutual cross-validation with fMRI.
INTRODUCTION
Functional imaging techniques such as functional Magnetic Resonance Imaging (fMRI) (Kwong et al., 1992) attempt to localize and parameterize cortical function by measuring local changes in cerebral metabolism. These techniques assume that cortical function is localized and modular in nature and that local metabolic changes are linked to increases in neuronal function. In recent years fMRI has proved highly successful in investigating a variety of sensory, motor, and cognitive functions, revealing networks of cortical areas that are certainly plausible, given our knowledge of functional anatomy, neurophysiology, and lesion studies.
Recently, there has been much interest in frequencyspecific focal changes in cortical oscillatory power that occur when subjects perform cognitive tasks. These power changes, measured using Electroencephalography (EEG) and Magnetoencephalography (MEG), have been interpreted as reflecting changes in cortical synchronization and are usually termed Event-Related Desynchronization (ERD) or Event-Related Synchronization (ERS) (Pfurtscheller and Lopes da Silva, 1999) . ERD and ERS have been demonstrated using a variety of different sensory-motor and cognitive paradigms and at a variety of frequencies (Basar et al., 2001a) . Although there has been much interest in the role of Gamma Band (nominally: 40 Hz) changes (Ribary et al., 1991; Joliot et al., 1994; Tallon-Baudry et al., 1996) , it is clear that these changes can occur across the whole frequency range, including Alpha (Basar et al., 1997; Klimesch et al., 2000; Krause et al., 2001) , Beta (Pfurtscheller et al., 1997; Andrew et al., 1999; van Burik et al., 1999; Taniguchi et al., 2000) , and Theta (Tesche et al., 2000; Burgess et al., 2000; Klimesch et al., 2001) . In addition, animal experiments show increasing evidence that frequency-specific synchronization between neurons (Gray and Singer, 1989 ) is correlated with function and may be the fundamental mechanism underlying perceptual binding (Engel and Singer, 2001 ) and even consciousness itself (Llinas et al., 1998; Singer, 2001) .
Given that metabolic imaging and studies of cortical oscillations both reveal networks of cortical areas involved in various cognitive functions, a natural question is whether the sites of focal changes in cortical synchronization are the same as those found in metabolic imaging. The main aim of this paper, therefore, is to investigate this question using MEG and fMRI. In order to do this we have used standard protocols and analysis techniques for the acquisition and analysis of the group fMRI data. For the MEG data, we have used an analysis technique known as Synthetic Aperture Magnetometry (SAM) (Robinson and Vrba, 1999; Ishii et al., 1999; Taniguchi et al., 2000) , which provides three-dimensional images of cortical power changes within specific frequency bands. SAM does not rely on averaging of many hundreds of brief epochs, each phase-locked to the presentation of a specific stimulus or cue. It is ideal, therefore, for studying higher-level cognitive tasks that are poorly phase locked to a stimulus or last for several seconds.
One of the strengths of fMRI has been that the images from individual subjects can be entered into a group statistical analysis, in order to reveal the most salient cortical regions involved in a task and to reveal differences between two different subject groups, such as normals and patients. We will show how SAM images can be spatially normalized and averaged in order to generate a group SAM image. In this study we have used group SAM and group fMRI in two different cognitive paradigms, using four different cohorts of subjects.
The first experiment involves a letter fluency language task in which subjects must covertly name as many words as they can that begin with a given letter. In normal right-handed controls, functional imaging studies of covert verbal fluency tasks (Pujol et al., 1999; Dickins et al., 2001) have detected activation in a predominantly left lateralized network of cortical areas. These include the left dorsolateral prefrontal cortex (DLPFC) and the left inferior frontal gyrus (IFG), which is thought to be the equivalent of Broca's area.
In the second experiment, we use a biological motion task that involves making direction discrimination judgements of a randomly scrambled Johansson (Johansson, 1973) figure, in which a limited number of dots move in an approximation of real joint movement to give a strong percept of a real walking figure. Pre- vious functional imaging studies of biological motion using Positron Emission Tomography (PET) (Bonda et al., 1996) and fMRI (Howard et al., 1996; Grossman et al., 2000; Singh et al., 2000; Grezes et al., 2001 ) have implicated several cortical regions such as the Amgydala, the posterior Superior Temporal Sulcus (STS), the human homologue of motion area MT (hV5/MTϩ), and the right fusiform gyrus. Biological motion can also be considered as an example of form perception, which has been shown to activate the lateral occipital complex, LO (Malach et al., 1995) , which extends from a lateral location just posterior to hV5/MTϩ onto the ventral surface of the brain in the lingual and fusiform gyri.
For the purposes of comparing group MEG and group fMRI these two experiments are useful as we The group fMRI data superimposed on the Z ϭ ϩ36 slice. Note the left DLPFC and left posterior parietal activation which match the group SAM results. However, there is also a small cluster in a more anterior portion of the parietal lobe, and another in the medial frontal gyri, which are visible in the group fMRI data but not in the group MEG data. expect them to generate activity in the two extended networks of areas described above. They both, therefore, represent a stringent test of SAM's ability to localize activity in multiple areas of the cortex.
MATERIALS AND METHODS
Both the covert letter fluency experiment and the biological motion experiment consisted of a single 5 min run, which was divided into 20 epochs, each 15 s in length. The first epoch was a Passive epoch in which subjects had to maintain fixation on a central dot. The second epoch was an Active epoch in which subjects performed the relevant task. This Passive-Active design was then repeated 10 times, in "boxcar" fashion. Both tasks were studied using fMRI and MEG, with four different cohorts of subjects. The biological motion fMRI data was previously presented as a conference abstract (Singh et al., 2000) and the raw letter fluency fMRI data has been previously reported (Dickins et al., 2001) , but has been reanalyzed and visualized using different methods for this study. A preliminary version of this study was presented as a conference abstract .
The Covert Letter Fluency Experiment-fMRI
Eleven (five male, six female, 28 Ϯ 9 years) normal right-handed subjects gave informed consent to participate in the study. Imaging was carried out using a 1.5T General Electric LX/NVi MR scanner. The functional images were 22 contiguous gradient-echo axial Echo-Planar Images, each 5 mm thick with a 24-cm field of view and encompassed the entire cortex. The scan parameters were: Matrix ϭ 64 ϫ 64, TR ϭ 3 s, TE ϭ 40 ms, flip angle ϭ 90°. Visual stimuli were created on an Apple computer and presented to the subject using an EPSON 7300 liquid crystal display projector via a back-projection screen and a double mirror mounted on the head coil.
At the beginning of each of the 15-s-long Active epochs, subjects were shown a single letter (chosen from the set F, A, S, C, P, M, T, O, B, N) and instructed to think of as many words as possible beginning with that letter, until the next Passive fixation phase.
Using SPM99 (Friston et al., 1995) , the functional data were motion corrected, spatially normalized, spatially smoothed with a 6-mm FWHM Gaussian kernel, low-pass temporally filtered using the HRF kernel, and high-pass temporally filtered with a cutoff of 1/60 Hz. Group statistical analysis using a General Linear Model was then performed and all results are shown thresholded at P Ͻ 0.05 (corrected). Visualization was performed using mri3dX (http:/www.aston.ac.uk/ psychology/meg/mri3dX/) and the group t score maps are shown displayed on a template brain. In order to display activation on the lateral cortical surface, activity that is within 7 mm of the surface is "pulled" to the nearest surface point. All the figures adopt the neurological convention, i.e., the left side of the brain is displayed on the left side of the image. Where bicommissural coordinates are quoted the system used is that of the Montreal Neurological Institute (MNI).
The Biological Motion Experiment-fMRI
Eight normal right-handed subjects (6 male, 2 female, 26 Ϯ 7 years) gave informed consent to participate in the study. The acquisition parameters, data analysis, and visualization procedures were the same as that of the letter fluency fMRI study, except 24 slices were collected.
In this experiment, each Active epoch was divided into 7 trials, and on each trial, 13 dots defined a figure walking on the spot. The visual stimulus subtended approximately 4°(vertical) by 2°(horizontal). On a trial-by-trial basis, a randomization parameter, ⍀, was randomly chosen between 0 and 200. Each dot then had its vertical position randomly perturbed by a random number ranging up to ⍀. The horizontal position was unaltered, as was the motion of each dot. When ⍀ was zero subjects could easily determine whether the figure was facing left or right. When ⍀ was set to its maximum value of 200 all subjects performed at chance. Each walking figure was presented for 1.6 s and subjects had 0.6 s to respond using a nonmagnetic button under the appropriate index finger.
The Covert Letter Fluency Experiment-MEG
Six normal right-handed subjects (three male, three female, 33 Ϯ 11 years) gave their consent to participate in the study, and had previously had an anatomical MR volume scan. MEG data was collected using a 151 channel CTF Omega system (CTF Systems, Port Coquitlam, Canada). The experimental paradigm was exactly the same as that used in the fMRI study, i.e., data was recorded in a single, unaveraged, 300-s-long run, which was divided into 20 15-s-long epochs, arranged in a Passive-Active boxcar design. The data collection rate was 625 Hz, and an antialiasing filter with a cutoff of 200 Hz was used. In the MEG experiments subjects viewed the computer monitor directly through a window in the shielded room. Viewing distances were arranged so that the stimulus again subtended approximately 4ϫ 2°of visual angle.
Each 5-min run was acquired twice, in order to increase signal-to-noise. After data acquisition, a 3-D digitizer (Polhemus Isotrak) was used to digitize the shape of the subject's head in the MEG laboratory. Using Align (www.ece.drexel.edu/ICVC/Align/align11.html), this surface was matched to a head surface extracted from the subject's anatomical MRI in order to coregister the MEG data with the subject's anatomical scan.
The MEG data were analyzed using Synthetic Aperture Magnetometry (SAM), which is an example of an adaptive beam-forming technique for the analysis of EEG and MEG data (Van Veen et al., 1997; Robinson and Vrba, 1999) . SAM has been previously used in studies of motor cortex (Taniguchi et al., 2000) , sensory cortex , and midline theta rhythms (Ishii et al., 1999) . A related technique, known as Distributed Imaging of Coherent Sources (DICS), was recently used to study inter-regional coherences within specific frequency bands (Gross et al., 2001) . A fundamental limitation of these adaptive beam-former techniques is that perfectly synchronous sources are selfcancelling and will not be detected by the beam-former. However, the two sources would have to maintain perfect synchrony over the entire course of the experiment to be invisible, and it has been shown that two sources can be resolved at relatively large temporal correlation levels (Van Veen et al., 1997) .
In SAM, each voxel in the brain is linked to the detection array using an optimal spatial filter for that voxel. The EEG or MEG data is then projected through this spatial filter to give a measure of current density, as a function of time, in the target voxel. As this voxel timeseries is calculated using a weighted sum of the MEG sensors, it has the same millisecond time resolution as the original MEG signals. If this timeseries is then divided into, for example, Active and Passive states, Fourier analysis can be used to calculate the total amount of power in each frequency band, within each of the Active and Passive blocks. Note that these Active and Passive states can be several seconds long, allowing MEG task designs that are identical to those used in fMRI studies. The difference between these spectral power estimates for the Active and Passive states can then be assessed using a t statistic calculated over all such blocks. This procedure can be repeated voxelwise over the whole brain to generate a three-dimensional image of differential cortical activity. Note that by estimating the spectral power using all the time-points within an Active or Passive block, we are sacrificing temporal resolution in order to increase both frequency resolution and the signal-tonoise ratio. However, the temporal sequencing of events can be investigated by using moving-window spectrograms (see below).
In the experiments presented here, SAM images were constructed on a 5 ϫ 5 ϫ 5-mm grid throughout the whole brain. Power changes between the Passive and Active epochs were calculated in the following frequency bands: 1-10 Hz, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Hz. In order to guarantee nonoverlapping spectral estimates, these power changes were calculated between the central 13 s of each of the Passive blocks, and the central 13 s of each of the Active blocks, and a Hanning window was used during the Fourier estimation. Each subject's anatomical MR was then resliced in the same orientation and position as the SAM functional volume. Using SPM99, this resliced volume was spatially normalized into the same standard template space as the fMRI datasets. The nonlinear transformation matrix that is necessary to perform this normalization was then applied to each of the functional SAM volumes, in each frequency band, and for each subject. Once the SAM data from all of the subjects had been spatially normalized, group averages of the t images were constructed. These average maps were visualized using mri3dX, on the same template brain used to display the fMRI results. In addition to the group SAM images in the specific frequency bands, a peak SAM image was also calculated. This was done by finding the peak signal increases (or decreases) across the five calculated frequency bands, for each voxel. The resultant image shows any region that has a large power increase or decrease, irrespective of the frequency band it occurred in.
The Biological Motion Experiment-MEG
Six normal right-handed subjects (5 male, 1 female, 33 Ϯ 7 years) gave informed consent to participate in the study. The experimental paradigm was identical to that used in the fMRI study. The MEG acquisition, SAM analysis, spatial normalization, group averaging, and visualization were all performed using the same procedures as for the letter fluency study. In order to study the temporal sequencing of activity within several Region-of-Interests (ROIs), time-frequency spectrograms were also calculated using moving-window Fourier analyses. For each ROI, two different spectrogram analyses were performed: In the first, the spectrograms were calculated over 28.0-s epochs, which spanned each Passive-Active block pair, using a 2-s window advancing in 1-s steps. This resulted in 10 spectrograms (1 for each epoch) for each ROI voxel, which were then averaged. For the second spectrogram analysis, spectrograms were calculated for each of the individual biological motion detection trials and spanned a time period from 0.5 s before the trial onset to 2.0 s after the trial onset. This resulted in 70 spectrograms (1 for each trial), which were then averaged. For these brief epoch spectrograms, the moving window for the Fourier analysis was 0.2 s wide and advanced in 0.1-s steps. Figure 1a (repeated in Fig. 2a) shows the results of the fMRI group analysis of the letter fluency task data. On the lateral surface, activation is visible in the left DLPFC, encompassing the superior and middle frontal gyri, extending into the inferior frontal gyrus (IFG) within the classical Broca's area. Activation was also found in the left superior temporal gyrus, the left posterior parietal cortex, and a small cluster in the right IFG. Internally, and not shown, activation was also found in the medial frontal gyrus, the left caudate, the right thalamus, and bilateral primary visual cortex. Figures 1b-1f show the SAM analyses of the group MEG data for the letter fluency task. The results show a remarkable similarity with the fMRI data, with a strongly left-lateralized pattern of activation. However, there are some important differences: First, the data are spatially smoother than the fMRI data, resulting in a single large cluster over the left DLPFC and left IFG. This is due to the relatively large reconstruction matrix (5-mm-cubic) used in the SAM analyses. Second, nearly all the activated areas show a decrease in signal power in the Active task phase, compared to the Passive fixation phase. This is interpreted as Event-Related Desynchronization (ERD). Figure 2b shows the peak SAM image for the letter fluency task, and shows a strong ERD within the left DLPFC, extending onto the left IFG and left superior temporal gyrus. There is also a large region of desynchronization in the left posterior parietal region, which seems to correspond to a very small surface cluster in the fMRI dataset. However, as shown in Figs. 2c and 2d, there is a significant fMRI cluster within the left posterior parietal cortex that is matched with a SAM equivalent. The SAM data is more visible on the cortical surface in this posterior region because it is spatially smoother. Figures 2c and 2d also illustrate SAM's potential failure to detect very deep activation within the medial frontal gyrus-such a cluster is visible in the fMRI data of Fig. 2d , but not the MEG data in Fig. 2c .
RESULTS

Covert Letter Fluency
The group SAM data also indicates more right hemisphere activation than the fMRI results. This might reflect a difference in average lateralization between the two different subject cohorts used in the two experiments. Alternatively, it may be due to the fact that the fMRI data are thresholded, which may have removed weak right hemisphere activation, while the SAM data are unthresholded. Figure 3a (repeated in Fig. 4a) shows the results of the group fMRI analysis for the biological motion task. In the frontal lobes, activity was found in medial prefrontal cortex, bilateral precentral gyrus, and strongly right lateralized DLPFC. Right frontal lobe activation has been found in several studies where subjects have to perform tasks, which are either difficult or involve guessing (Elliot et al., 1999; Sunaert et al., 2000) , and this is consistent with our task, which involves a mixture of trials of varying difficulties.
Biological Motion
In the parietal lobe, bilateral, but right-biased, activation was found in the region of the Intra-Parietal Sulcus (IPS) extending anteriorly to the approximate location of the Post-Central Sulcus. Activation of the IPS has been found in several fMRI and PET studies of visual motion perception (Cornette et al., 1998; Sunaert et al., 1999; Orban et al., 1999) .
In the temporal lobe, right lateralized activity was found in the posterior branch of the STS. This is consistent with previous functional imaging studies of bi- ological motion perception (Bonda et al., 1996; Howard et al., 1996; Grossman et al., 2000) .
In the occipital lobe, right lateralized activation was found in the region of the transverse occipital sulcus, which may be the human homologue of V3A (Tootell et al., 1997) . On the right, activation was also found in a large Temporal-Occipital complex that extended inferiorly from the human V5/MTϩ complex and posteriorly into the superior-lateral branch of LO, and finally onto the ventral portion of LO. This ventral activation was right-biased and extended from the lingual gyrus onto the right fusiform gyrus (see Fig. 4d ). A cluster of activation was also found in the left temporal-occipital junction in the region of hV5/MTϩ and LO. Bilaterally, the activation in hV5/MTϩ was found at locations consistent with previous studies (Dumoulin et al., 2000) , but then extended more inferiorly into regions that have been associated with complex motion perception tasks such as optic flow (Morrone et al., 2000) and biological motion (Howard et al., 1996) .
Figures 3b to 3f show the SAM analyses of the group MEG data for the biological motion task. Again, on the lateral surfaces of the brain, the SAM results are remarkably similar to the group fMRI results but are spatially smoother. As with the letter fluency results, the majority of changes are decreases in power in the Active or task phase, compared to the baseline, in the 5-15 Hz and 15-25 Hz frequency ranges. Again there are differences in some of the activated areas. First, the right DLPFC activation seen in the group fMRI data is not as clearly present in the SAM data. Second, there are several areas of activation seen in the group SAM data but not in the group fMRI data. These are bilateral ERD in the region of the supramarginal gyrus and bilateral ERS in the hand region of motor cortex. Figure 4c shows a slice through the peak SAM image at an MNI coordinate of Z ϭ Ϫ16. Task-related power decreases are seen bilaterally in the lingual gyrus and in the right fusiform gyrus. Similarly, Fig. 4d shows bilateral ventral occipital cortex and right fusiform fMRI activation on the same anatomical slice.
Region of Interest Spectrograms
For one of the subjects in the MEG biological motion study, three voxels were chosen which showed significant task-related power changes. Two of these voxels; one in the fundus of the calcarine sulcus and the other in the left supramarginal gyrus, showed strong ERD. The third, in the hand area of left precentral motor cortex, showed ERS. The timeseries of each of these voxels was analyzed using a moving window Fourier transform, in order to generate a time-frequency spectrogram.
In Fig. 5 , these spectrograms are shown for a timewindow lasting 28 s, averaged over the 10 PassiveActive epochs. Figure 5a shows that the voxel in V1 has a significant amount of power at approximately 10 Hz in the Passive phase, which is reduced during the Active phase. This can be clearly seen in Fig. 5b , which shows the amount of power in the 7-12 Hz band plotted as a function of time. Figure 5c shows the spectrogram for the voxel in left motor cortex. In contrast to V1, a power increase can be seen in the 15-25 Hz frequency range during the Active phase. Figure 5d shows the spectrogram for the voxel in the region of the supramarginal gyrus. For this voxel, during the Passive phase there is significant power in two bands at approximately 10 and 15-20 Hz, which is reduced in both bands during the Active phase.
Within the Active phase of the biological motion experiment there were seven individual trials, so average time-frequency spectrograms can be calculated which range over a period 0.5 s before the onset of the biological motion stimulus, to 2.0 s poststimulus onset. In Fig. 6a the spectrogram for the voxel in V1 shows a clear ERS over a broad frequency range from 5-20 Hz. This is shown graphically in Fig. 6b , which shows the amount of power in the 7-12 Hz band, plotted as a function of time. The curve shows a brief evoked ERS at the onset of the trial. This transient ERS within the Active period is superimposed on the baseline ERD revealed by the long time-window spectrogram of Fig.  5a . The ability of the Alpha frequency band to show simultaneous ERS and ERD has been previously reported in the EEG literature (Klimesch et al., 2000) . Figure 6c shows the spectrogram for the voxel in the left motor cortex, and Fig. 6d shows the corresponding spectrogram for the voxel in the left supramarginal gyrus. Both these spectrograms show a poststimulus ERD over a frequency range of 10 -30 Hz. These decreases peaked at approximately 500 ms after the stimulus onset and were temporally broader than the peak seen in the V1 spectrogram.
DISCUSSION
The results presented here, using two very different cognitive tasks, describe a striking similarity between the location of the cortical hemodynamic response, and the location of frequency-specific decreases in cortical synchronization. This similarity is especially remarkable because different cohorts of subjects were used in each experiment. The results support recent findings that the haemodynamic response is tightly linked to underlying neuronal function (Rees et al., 2000; Logothetis et al., 2001) and the assertion that event-related desynchronization is a correlate of increased neural activation in a cortical area (Pfurtscheller and Lopes da Silva, 1999) . Another finding of our study is that the strongest ERDs, and those which best match the fMRI results, are in the 5-15 and 15-25 Hz bands, with responses at higher frequencies being much weaker. This confirms the results of neuronal simulations that indicate that the amplitude of ERD and ERS should reduce with higher frequencies (Pfurtscheller and Lopes da Silva, 1999) . More sophisticated analysis techniques such as wavelet analysis will increase the sensitivity to higher frequency oscillations such as those in the Gamma band (Basar et al., 2001b) .
Two recent papers (Chawla et al., 1999 (Chawla et al., , 2000 used computer simulations of neuronal populations to show that increases in mean spiking activity within two connected cortical regions led to increased intra-and interregional synchrony. The predominant mechanism linking synchrony and mean activity seems to be a reduction in membrane integration times which then favours synchronized activity. At first sight, this appears to be in contradiction to our experimental findings, which show an inverse relationship between neuronal synchrony and the BOLD response. As recent evidence points to a strong link between the magnitude of the BOLD response and neuronal activity (Logothetis et al., 2001) , our data indicates an inverse relationship between neuronal synchrony and neuronal activation. However, the decreases in synchrony we report are oscillatory power reductions within specific frequency bands, predominantly in the Alpha and Beta ranges, which might be accompanied by a shift to increased synchrony at higher frequencies. The amplitude of these high frequency oscillations may be of reduced amplitude and therefore would be more difficult to detect (Pfurtscheller and Lopes da Silva, 1999) . In addition, the two simulation studies by Chawla et al., do not look at stimulus related oscillatory power changes within their models, rather they look at the response of their models to white-noise (Chawla et al., 1999) and stimulus transients (Chawla et al., 2000) . For example, the models do not describe what happens if there is a preexisting large-scale oscillation within a neuronal network (such as the Alpha rhythm), followed by a stimulus driven activation of neurons within that network. It is also clear that, although the predominant behaviour we found was decreased synchrony during activation, there are regional differences, with motor cortex showing ERS during stimulation. Furthermore, our spectrogram analysis of V1 shows that although there is a general decrease in Alpha power during the entire Active epoch, there are transient increases in Alpha which are phase-locked to the trialonset. All of these experimental findings should provide important information and constraints for further neuronal modeling studies.
The timeseries of each voxel in a SAM image can be examined with millisecond resolution. This allows the temporal sequencing of cortical synchronization to be investigated-something which is not possible with fMRI or PET. For example, it is clear that in V1 there is an almost immediate (within 100 ms) transient increase in power, but other areas such as the motor cortex and the supramarginal gyrus show power changes several hundred milliseconds after the response in V1. The use of time-frequency spectrograms also allows the SAM analyses themselves to be further optimized. In this study we constructed the initial SAM images using arbitrary frequency bands that were 10 Hz in width. However, the spectrograms show the precise frequencies at which ERS and ERD occur in each voxel and SAM images can therefore be constructed using these frequencies rather than the wide bands initially chosen. This iterative approach will enhance signal-to-noise in the SAM analyses.
There are several regions that are activated in the fMRI experiments, but not visible in the group MEG results, and vice versa. These differences may be due to differences in sensitivity between the two techniques. For example, MEG is relatively insensitive to deep cortical sources whilst fMRI may be relatively insensitive to temporally brief or sparse events such as the button presses within our biological motion experiment. In addition, there may be apparent areas of activation within the fMRI datasets that are actually due to blood flow artefacts. Several authors have proposed the use of fMRI datasets as a priori constraints in joint fMRI/MEG studies (Ahlfors et al., 1999; Dale and Halgren, 2001 ) and the generally good spatial correspondence that we have found between fMRI and MEG mean that this may be a successful strategy. However, the fact that there are some differences mean that caution should be exercised.
One possibility that we cannot rule out is that the differences we have found between the MEG and fMRI results arise because of differences between the two subject cohorts. In future it will be important to perform these experiments on the same subjects, so that this confound does not occur. Furthermore, in this study we have not assessed the statistical significance of the SAM results. For quantitative comparisons between fMRI and MEG it will be necessary to develop a statistical framework for these types of analyses. One of the advantages of SAM is that the statistical analysis of the data is formulated in terms of a voxel-byvoxel timeseries analysis. This means that all of the statistical approaches developed for the analysis of fMRI timeseries data could potentially be applied to SAM. In our fMRI analyses we have used a common analysis package for functional neuroimaging: SPM99. As we have also used SPM to spatially normalize our SAM images to the same template space as our fMRI datasets, a natural development would be to utilize SPM for the statistical analyses of our SAM images. SPM contains algorithms, based on Gaussian Field Theory (GFT), which assess the statistical significance of volume clusters based on the intrinsic local smoothness of the volumetric images. This should be directly applicable to SAM images, and may prove very important as the spatial smoothness of the SAM images varies throughout the brain. SPM also includes algo-rithms for correcting for possible temporal auto-correlations within timeseries data. This is especially important for the slow haemodynamic response measured in fMRI, but may not be so important for high temporal resolution MEG data, unless the data is temporally filtered or overlapping temporal windows are used in the SAM estimation procedure.
The combined use of Synthetic Aperture Magnetometry to assess focal changes in cortical synchronization, spatial normalization of the resultant images, and intersubject averaging represents a significant advance in the use of MEG as a group cognitive neuroimaging technique. In addition, this analysis framework means that it is relatively straightforward to directly compare MEG and fMRI results and this will have important applications in the mutual validation of these two neuroimaging techniques.
